The shale gas industry has significant impact on economies around the world, however, it is not without risk. One of the primary concerns is felt seismicity and recent earthquakes, caused by fault reactivation related to hydraulic fracturing operations, have escalated uncertainty about hydraulic fracturing methods. Mitigating these risks is essential for restoring public confidence in this controversial industry. We investigate the effect that changing two operational parameters (flow rate and pumping time) and differential pressure has on the flow distance, fracture network area and the minimum lateral distance that hydraulic fracturing should occur from a pre-existing fault in order not to reactivate it (lateral respect distance); thus reducing the risk of felt seismicity. Sensitivity analyses are conducted using a Monte Carlo approach. The lateral respect distance is obtained from calculations of the Coulomb stress change of the rock surrounding the injection stage, for four stress threshold values obtained from the literature. Results show that the flow rate has the smallest rate of change for fracture area (3700 m 2 per 0.01 m 3 /s) and flow distance (8.3 m per 0.01 m 3 /s). We find that differential pressure has the largest impact on stimulated fracture area, when less than 2 MPa, at 31,029 m 2 /MPa. The pumping time has the most significant effect on the flow distance (48 m/hr) and the stress threshold value the most significant effect on the lateral respect distance. This study suggests that to reduce the lateral distance, a compromise is required between flow distance and fracture area. The results obtained by this research provide invaluable guidance for operational practice in determining the potential area of the induced fracture network and generated stress field under realistic hydraulic fracturing conditions, an important aspect for risk assessments.
Introduction
Hydraulic fracturing for shale gas is a controversial energy option and not without risks. In the UK alone, the Shale Gas economy is estimated to be valued at four billion pounds per year [1] , but there are significant concerns about the environmental impact on its development within a national context [2] . Felt seismicity is one of the primary concerns and in April-May 2011, public anxiety increased as hydraulic fracturing of the UK's first well for shale gas exploration, near Blackpool in Lancashire, caused two felt earthquakes (ML 2.3 and 1.5) [3, 4] . Just prior to this, felt seismic events due to hydraulic fracturing operations had also been experienced in the Eola Field in Oklahoma, USA [5] and the Horn River Basin in British Columbia, Canada [6] . Later, in 2013, hydraulic fracturing operations caused felt seismicity in Doe-Dawson, British Columbia, Canada [7] and Ohio, USA, where there have been a number of 'unusual' events [8, 9] . More recently, Crooked Lake in Alberta, Canada has experience a sequence of 160 events [10] . Events greater than M4.0 have been observed near Fox Creek, Alberta [11, 12] and Fort St James in British Columbia [13] .
There have been a number of events in Ohio, Arkansas and Oklahoma, associated to shale gas operations, but which were a consequence of re-injection of wastewater [14, 15] . Hundreds of thousands of shale gas hydraulic fracturing episodes have occurred without issue; however, it is these few instances of felt seismicity that the public remembers. It is, therefore, essential that the risks and uncertainty are fully understood and minimized in order to restore public confidence in the exploration and exploitation of shale gas and hydraulic fracturing. This is particularly the case in the UK, where permission has recently been granted for a number of exploratory wells.
The detection of the minimum resolvable fault displacement can depend on a number of factors. However, current 2D seismic reflection technology has detected faults in coal mining with a throw as small as 4-5 m [16] . This allows operators to evaluate the surrounding geology and assess the current stress state, location, size and criticality of any weaknesses and the possibility of these slipping when a change in stress is applied. The magnitude of any induced event that occurs along a fault can be estimated using Kanamori and Anderson's [17] relationship between magnitude and fault size, constrained by slip length. The maximum magnitude of events normally associated with hydraulic fracturing would have a rupture length of less than a few hundred metres and a slip of only millimetres [18] .
The process of hydraulic fracturing creates a network of new induced fractures and reactivated dilated preexisting natural fractures. Fractures propagate in the plane containing the maximum and intermediate stresses By analysing data of microseismic event clouds from thousands of hydraulic stimulations, two papers have agreed that the vertical extent at which hydraulic fractures extend is less than 600 m from the well perforation [20, 21] . An initial numerical modelling study to examine the lateral distance of the Coulomb stress change from hydraulic fracturing operations and the effect that this may have on preexisting faults was presented in Westwood et al. [19] . The study adopted a Monte Carlo approach and showed that it is the failure threshold that has the most significant impact on the horizontal respect distance (the minimum lateral distance that hydraulic fracturing should occur from a pre-existing fault in order not to reactivate it), with values ranging from 63 m to 433 m depending on the combination of fracture intensity and failure threshold. Vasuvedan and Eaton [22] demonstrated that Coulomb stress analysis could be applied to hydraulic fracturing using a source mechanism of a combination of strike-slip and reverse movement. The modelling work of Rutqvist et al. [23] found that shear and tensile failure occur simultaneously and that, when a fault is present, events are larger than the small microseismic events generated by the hydraulic fracturing process. Yoon et al. [24] modelled the response of a geothermal reservoir, using Discrete Element Modelling, to fluid injection and found that cyclic pumping rather than a constant pump rate decreased the occurrence of induced seismicity.
Sensitivity studies have investigated whether the total fracture volume, aperture, and porosity are sensitive to the fracture length [25] and the effect that cohesion, the in situ-stress ratio, the internal friction angle [26] and injection rate [26, 27] have on the natural fractures. It was found that the total fracture volume, aperture, and porosity are not sensitive to the fracture length. The injection rate impacts on fracture complexity, with an increased rate increasing the stimulated fracture area [26] and fracture length [27] . Cohesion, internal friction angle and the in situ-stress ratio all affect the morphology of the fracture network, with fractures orientated toward the maximum stress direction enhancing the fracture network complexity [26] . All of these results were based on one Discrete Fracture Network (DFN), rather than applying a Monte Carlo approach.
In this paper we investigate some of the issues that were not addressed by previous analyses and focus on the application of operational-related parameters (such as flow rate) that have direct relevance to realworld Shale Gas operation across the globe. We conduct sensitivity analyses by applying a Monte Carlo approach that, investigates, the effect that pumping time and differential pressure at injection have on 1) fracture area, 2) maximum flow distance and, 3) the lateral respect distance that hydraulic fracturing should occur from a fault in order that it is not reactivated. In addition, we also apply the same method to investigate the effect that the flow (or injection) rate has on these three parameters. The model and these methods are described in Section 2, whilst in Section 3, we present the results and discuss the effect and implications of them in Section 4, before providing concluding remarks in Section 5.
Methods
We apply the numerical modelling approach described by Westwood et al. [19] , which uses Golder Associates' Fracman 7.5 software to generate discrete fracture networks (DFN) to model natural, and induced fracturing in a 3D geological volume. Hydraulic fracture simulations are run on the DFN to obtain a network of opened natural and newly created hydraulic fractures. The DFN, geological, fracture Fig. 1 . The model used for generating the discrete fracture network, including the geological stratigraphy, stresses and well geometry (see key). The transparent block, which the well passes through, is also shale. The fracking perforation stage is located in the centre of the injection well at a depth of 2220 m. The exact fracture intensity in this region is unknown, therefore we use a fracture intensity based on the findings of Westwood et al. [19] , with a P32 (area of fractures per unit volume) of 0.15, the value which generated the largest lateral respect distance of the three values used by Westwood et al. [14] . The stress regime is defined to be strike-slip. The values of σH , σh and σv are obtained from those derived in the reports commissioned by Cuadrilla following hydraulic fracturing at Preese Hall [28, 29, 30, 31] . Young's modulus is calculated from the shear and bulk modulus derived in [31] and is slightly higher than some of the shales of North America [19] . The value for Poisson's ratio is comparable to the Barnett shale [32] .
DFN Parameters
Three sets of parameters are considered and calculated for a range of values. These are:
1. Differential pressure (dP). This is "the pressure difference between pore pressure and normal pressure on the fractures at injection" [33] . A parametric study is performed every 1. 3. Pumping Time. This is the length of time that the fluid is pumped into the well. The parametric study is performed every 30 mins from 30 mins to 360 mins. Previous modelling has used pump times of one hour [27] , two hours [19] and three hours [23] . A Monte Carlo approach using fifty fracture set realisations for each scenario is applied to obtain a statistical representation of the results. In addition to analysing the data generated by Fracman, the new and opened natural fractures are imported into Matlab for Coulomb Stress Analysis. The algorithms described by Okada [35] are used to calculate failure on optimally oriented strike-slip faults (faults whose orientation is optimal for failure in a strike-slip regime), by performing the calculations at each point of a 50 m discretized 2km x 2km x 2km cube. For a source mechanism that contains 40% inflation and 60% strike-slip, the calculation involves multiply the inflation component of Okada's [35] model by 0.4 and the strike-slip component by 0.6 and summing the resultant stresses.
A stress map is obtained by calculating the maximum and minimum stresses over depth at each point. Three weighted source mechanisms are evaluated:
 Source mechanism 1: 50% inflation, 25% strike-slip, 25% reverse  Source mechanism 2: 25% inflation, 50% strike-slip, 25% reverse  Source mechanism 3: 25% inflation, 25% strike-slip, 50% reverse
Triggering a critical fault is not modelled explicitly, instead the lateral distance is calculated using four stress threshold values: 0.001 MPa, 0.1 MPa, 0.3 MPa, and 0.5 MPa. These were selected on the basis of published threshold values in studies of fault movement and triggering. Freed [36] uses aftershock studies to define triggering at 0.1 MPa to 0.3 MPa or less. Kilb et al. [37] state that the optimal triggering threshold is 0.1 MPa, but find correlations with seismicity rate change for value between 0.001 MPa and 0.5 MPa. The results of Shapiro et al. [38] also indicate that triggering occurs as low as 0.001 -0.1 MPa.
As this is quite a wide range, we perform the lateral distance calculation on the upper and lower values of each of these ranges.
Results
The following subsections present the results looking at 1) the total fracture area; 2) the maximum flow distance and; 3) the lateral respect distance. 
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Two-dimensional Coulomb failure stress maps using source mechanism 2 are presented in Fig. 4 . The columns show the results based on the dP, flow rate and pump time simulations respectively and the rows are the results for the three parameter values, detailed next to the arrow at the top of the respective column. The distance at which the stress reaches 0.00001 MPa (the outer contours) decreases as dP increases, remains near constant as flow rate increases and increases as pump time increases.
The radiation pattern is very similar across the rows and columns, showing that changing the source mechanism does vary the radiation pattern slightly, although not significantly (Fig. 5) . Similarly, the extent of the amplitude of the stress is not affected greatly by the weighting of the source mechanism. The areas where failure could occur are the areas of positive Coulomb stress, highlighted by the solid black contour lines in Fig. 4 and Fig. 5 , although, for failure to occur in this region, it is dependent on the amount of stress required to trigger movement. The concept of the amount of stress required to trigger a critical fault is discussed widely in the literature. We use the same three sources as in [19] to examine the effect that four threshold values (0.001MPa [37, 38] , 0.1 MPa [36, 37, 38] , 0.3 MPa [36] and 0.5 MPa [37] ) have on the lateral respect distance. Fig. 6 shows the results of the average lateral distance for the four failure thresholds (columns), the three parameter sets (rows) and the three weighted source mechanisms. The most obvious result is that the lateral respect distance is higher for all three rows for the 0. 6 . The average lateral distances for each set of 50 simulations over the parameter ranges for pump time (top row), flow rate (middle row) and differential pressure (bottom row). Calculations were performed for three weighted source mechanisms. The columns show the results relating to each stress threshold value: 0.001MPa [30, 31] , 0.1 MPa [30, 31, 29] , 0.3 MPa [29] and 0.5 MPa [30] . The equations provide the relationship between the respective parameter and the lateral respect distance for source mechanism 2.
Assessing thresholds for operational parameters
A final set of simulations were performed using a subset of parameters discussed in the previous sections that relate to a potential 'worst case', with respect to the lateral respect distance and 'best (or worst) case' with respect to flow distance, depending on the desires of the operator ('best case' if the operator requires a large flow distance, knowing the geology and 'worst case' if that distance interacts with pre-existing faults, creating possible contamination pathways). Differential pressure, flow rate and pump time were selected where the lateral respect distance and maximum flow distance were largest. This model was generated with dP = 0.676 MPa, pump time = 360 mins and a flow rate = 0.19 m 3 /s. The calculations for the lateral respect distance were carried out for all three of the source mechanisms discussed previously and it was found that source mechanism 2 gave marginally larger results than the other two source mechanisms.
Using source mechanism 2, the results give an average lateral distance of 300 m, an average flow distance of 462 m and an average fracture area of 148,351 m 2 . The maximum lateral distance was 600 m, the maximum flow distance 700 m and the maximum fracture area 169,430m 2 .
Discussion
This paper investigates the effect on fracture area, flow distance and the lateral respect distance when changing the pump time, differential pressure (dP) at injection and flow (injection) rate. Previous sensitivity studies have considered the effect on fracture volume, aperture and porosity when changing fracture length [25] ; the effect on complexity of the fracture network when altering cohesion, the in-situ stress ratio, internal friction angle and injection rate [26, 27] and the effect on the lateral respect distance (the lateral distance from a known fault that hydraulic fracturing should occur in order not to reactivate the fault) for different fracture intensities [19] . This paper adds to these investigations. The results presented in this paper are of particular interest to shale gas operators, researchers and regulators. We have shown how changing one parameter by a small amount can increase the distance of flow and induced fracture area. Similarly, one small change can reduce the risk of a seismic event occurring on a preexisting critical fault.
The operational parameters considered in this paper are all practical, hydraulic fracturing parameters that can be directly controlled during shale gas operations. We find that the flow rate has limited effect on all of the output variables. This contradicts the findings of Wang et al. [26] who state that the injection rate has a "crucial role" in determining the fracture network complexity and the stimulation area. However, their models were based on an experiment conducted at the surface. This means that their values for the regional stresses (σH and σv) were not realistic of those found at the depths of shale and were over 1500 and 1100 times smaller, respectively, than the values obtained for Preese Hall and used in this paper. The work by Wang et al. was also conducted on a much smaller scale, over an area of 400 mm x 400 mm, with injection rates 10 -7 times smaller than used during shale gas operations. Abaa et al. [27] also looked at injection rate, but considered the effect on propped fracture length rather than flow distance. However, for the same 0. At values of dP below 2 MPa, the effect on fracture area is greater than that produced by changing the injection rate or pumping time. When dP is above 2 MPa, the effect is minimal and pumping time has the greatest effect. Pumping time affects both fracture area and flow distance. At dP values below 4 MPa, pumping time and dP have a comparable effect on flow distance (48 m/hr and 45 m/MPA respectively), which are significantly greater than the effect of flow rate (8.3 m per 0.01 m 3 /s). In practise dP and flow rate are linked, although dP is not an operational parameter it can be controlled by altering the flow rate. This is an important consideration when assessing fracture stage pressures and the impact they will have on nature, area and extent of the induced fracture network. The lateral extent of the stress field also decreases as dP increases which has implications for potential fault reactivation and the likelihood of unintentionally generating new fracture-controlled fluid pathways.
The lateral respect distance is also affected by pumping time although the greatest factor affecting lateral distance is the stress threshold. The maximum average distance is 267 m at a threshold of 0.001 MPa, pumping for 360 mins. The minimum average distance is 14 m at a threshold of 0.5 MPa and dP of 12.676 MPa. The maximum distance obtained over all simulations was 523 m (threshold = 0.001 MPa, pump time = 360 mins, source mechanism 2). The range of values predicted in this research provide invaluable guidance for operational practice as they help to determine the potential distance from the hydraulic fracturing stage that stress changes could occur due to hydraulic fracturing operations under realistic conditions, an important aspect of any operational risk-based assessment.
Interestingly, the source mechanism weighting produces very similar shaped stress maps for each combination. The direction of fracture growth is visible from the stress maps, which is in the direction of the maximum horizontal stress. Although source mechanism 2 produced slightly higher average lateral distances for the 0.001 MPa threshold than the other two weightings, it does not exceed 45 m (Fig. 7) . However, should pumping go on for longer than 360 mins, the difference between source mechanism 2 and 3 is likely to increase and become more evident, which may help constrain maximum pumping times on site. This small difference in the stress maps between the weightings agrees with the findings of Vasudevan & Eaton [22] . These results are positive and highly significant for operational practice as it means that regardless of the source mechanism, operators can define a safe lateral respect distance for hydraulic fracturing operations away from known faults and other structural weaknesses.
Based on the results, it would be expected that to maximise the flow distance through the natural fractures, a low dP should be used, combined with a long pumping time. Increasing the pumping time from 100 mins to 360 mins (~3.5 times increase) and decreasing the dP to 0.676 MPa, increased the average fracture area over 1.5 times from 95,000 m 2 to 148,350 m 2 and both the lateral respect distance, for the 0.001 MPa threshold, and the average flow distance by over 70 m. However, reducing the dP from 0.926 MPa to 0.676 MPa and increasing the flow rate to 0.19 m 3 /s, had no significant effect on the average flow distance or fracture area; the average lateral distance for the 0.001 MPa threshold increased by only 32 m. This indicates that the parameter with the largest effect on flow distance and fracture area is the pumping time.
The methods presented in this research can be applied to other industries, like geothermal energy, which use hydraulic fracturing, as well as to other shale gas reservoirs by changing the geological parameters. We acknowledge that this research is limited by the fact that is based on the geology of a specific area, Preese Hall in the UK. Extending the research to investigate further geological scenarios is a topic of further work. Additionally, further work will investigate the effect that different hydraulic fracturing fluid compositions have on the flow distance and fracture area.
Conclusions
In this paper we have numerically modelled the effect that the operational parameters of flow rate, pump time and differential pressure at injection have on the lateral respect distance, fracture area and the maximum flow distance, as defined by the operational and geological conditions at the UK's first Shale gas site at Preese Hall in Lancashire. A sensitivity analysis was performed using a range of values for each of the above: Using the discrete fracture network based Fracman modelling software, we applied a Monte Carlo approach to our analysis, generating fifty unique discrete fracture networks for each parameter value in the ranges. Coulomb stress analysis was performed in Matlab software to investigate the lateral respect distance, the horizontal distance that hydraulic fracturing should occur from a fault in order for it not to be reactivated. Using a 2 km x 2 km x 2 km cube, discretised into 50 m sections, the maximum and minimum stresses over depth were obtained for three weighted source mechanisms and visualised as stress maps. The lateral respect distance was calculated using four threshold values obtained from literature. We have shown that that if the dP is kept below 2MPa and flow rate at a sensible value, then the flow distance and fracture area can be controlled using the pumping time, but this will increase the lateral respect distance. To reduce the lateral respect distance, there has to be a trade-off with the flow distance and fracture area. Therefore, it is important that operators know the geology and locations of faults prior to hydraulic fracturing, so that this judgement can be made with full and sound knowledge.
